We studied a fluoroimmunoassay using metal-enhanced fluorescence (MEF) detection on silver film generated by vapor deposition method. The morphology of the silver film was controlled through the thickness of the film. A silica layer was coated on the silver film to protect the film and separate the fluorophore from the metal surface. Rabbit immunoglobulin G (IgG) was adsorbed on the silica by physiosorption and then dyelabeled anti-rabbit IgG was bound to the immobilized rabbit IgG. It was observed that the fluorophore was quenched on a thin silver film (2 nm), enhanced on a thick film (>5 nm), and reached saturation (ca. 10 times enhancement) at 20 nm. The MEF was also dependent on the thickness of the silica with a maximum at 10 nm. The lowest lifetime was observed on the 20 nm silver film, which was consistent with the saturation of MEF. These results showed the properties of a silver film needed for a maximum increase of fluorescence intensity in a fluoroimmunoassay. Dependence of the MEF on the emission wavelength was also studied using different dye-labeled anti-rabbit IgGs.
Introduction
Fluorescence is an important tool for biological analysis. [1] [2] [3] Fluorescence intensity can be enhanced by an order of magnitude or more when a fluorophore is nearby a surface of silver nanostructure. 4, 5 This effect is known as metal-enhanced fluorescence (MEF). [6] [7] [8] [9] The MEF is principally attributed to the local electromagnetic field, which interacts with incident light and the excited fluorophore. There are absorbing and scattering components in these interactions. 6, 10, 11 According to our recently proposed radiating plasmon (RP) model, 12 the emission or quenching for the fluorophore near the surface of the metal nanoparticle can be predicted from its optical properties, which in turn depend on the size and shape of particle. [12] [13] [14] [15] The MEF technique can be utilized to develop a sensitive immunoassay. In this study, rabbit immunoglobulin G (IgG) was adsorbed on the silver nanostructure by physiosorption, [16] [17] [18] and dye-labeled anti-rabbit IgG was bound to the immobilized IgG (Scheme 1). 19 This model fluoroimmunoassay was set to study the dependence of fluorescence enhancement on the morphology of the silver structure. The silver film was coated by varying thicknesses of silica to study the dependence of MEF on the distance between the fluorophore and silver surface as well as to protect the silver film. The enhancement mechanism was discussed on the basis of the lifetime measurement. Different dye-labeled anti-rabbit IgGs were also employed to study the dependence of MEF on the emission wavelength in a range of 550-750 nm. Finally, we wished to find the optimal conditions for the maximum MEF on the fluoroimmunoassay detection.
Silver nanostructure can be generated by versatile methods. Vacuum evaporation was adopted in this study because of its simple operation and good stability in generating a silver film on a solid substrate. [20] [21] [22] [23] [24] [25] [26] The morphology of the silver film, which was important for its optical properties, could be controlled by the thickness of the metal film and the deposition rate. 20 The silver film was deposited at a slow rate in this study to result in a rough surface, which was expected to have a good MEF behavior. A silica layer was covered on the silver film in the same chamber.
Experimental Section
Materials. Silicon monoxide and silver wire (99.999%) were purchased from Aldrich. Alexa Fluor-555, Rhodamine 6G, Alexa Fluor-647, Alexa Fluor-680, and Alexa Fluor-750 antirabbit IgGs (2 mg/mL) were purchased from Molecular Probes. Rabbit IgG (5 mg/mL), buffer components, and salts (such as bovin serum albumin, glucose, and sucrose) were from SigmaAldrich. Nanopure water (>18.0 MΩ) purified using a Millipore Milli-Q gradient system was used in experiments.
Silver Film by Vacuum Vapor Deposition. Silver films were deposited in a consolidated vacuum vapor deposition system (model 306, Edward). 27 Glass slides were pretreated by air plasma under 1 × 10 -4 mbar for 3 min before deposing the metal film to increase the stickiness of metal. The silver wire was melted on the filament, evaporated under a pressure of <1 × 10 -7 mbar, and deposited on the glass slide. The deposition rate was adjusted by the filament current, and the thickness of film was measured with a quartz crystal microbalance. Silica layer (SiO x ) was grown on the silver film using silicon monoxide in the same vacuum chamber.
Immunoassay Procedures. The slide was covered with a water-prevented tape with wells of diameter 5 mm. The IgG solution was diluted with sodium phosphate buffer (50 mM, pH ) 7.4) to 17 µg/mL. A 25 µL aliquot of diluted IgG solution was added to each well. The slide was incubated for 4 h at room temperature in a humid chamber, then rinsed with water and washing solution (0.05% Tween-20 in water). Blocking was performed by adding 25 µL of blocking buffer (1% bovine serum albumin, 1% sucrose, 0.05% NaN 3 , 0.05% Tween 20 in 50 mM Tris-HCl buffer, pH ) 7.4) overnight at 4°C in a humid chamber. After the slide was washed with water and washing solution, a diluted dye-labeled conjugate solution (10 mg/mL in blocking solution) was added to the well on the slide and incubated in a humid chamber at room temperature for 2 h. After incubation, the residual supernatant solution was collected to detect the fluorophore intensity change before and after the binding. The slide was then rinsed with water, washing solution, and water. After being covered with blocking buffer, the slide was stored at 4°C before the measurement.
Spectral Measurements. Absorption spectra were monitored with a Hewlett-Packard 8453 spectrophotometer. Fluorescence spectra were recorded with a Cary Eclipse fluorescence spectrophotometer. Surface fluorescence spectra were recorded with an excitation angle of 90°and monitoring angle of 45°. A combination of a fluoroimmunoassay-coated glass slide and a corresponding silver film-coated slide worked as a control to eliminate the reflection effect from the excitation and emission by the silver film. Lifetimes were recorded with a 10 GHz frequency-domain fluorometer 9a using a mode-locked argon ion laser at 514 nm, 76 MHz repetition rate, and 120 ps pulse width. Excitation and emission polarizers were in the magic angle orientation. Emission was selected with a combination of a 520 nm long-pass liquid chromate filter (CrO 4 2-/Cr 2 O 7 2-, 0.3 M, pH 8) placed in a 2 mm, 1 in. × 1 in., quartz cuvette and an interference filter at 540 ( 10 nm. Such a combination of filters rejects efficiently scattered light and has minimal internal luminescence.
Atomic Force Microscopy (AFM). AFM images were collected with an atomic force microscope (TMX 2100 Explorer SPM, Veeco), equipped with an AFM dry scanner. 28, 29 Surfaces were imaged in air, in taping mode of operation, using AFM noncontact-mode cantilevers (Veeco). Samples were freshly prepared prior to imaging. The AFM scanner was calibrated using a standard calibration grid as well as gold nanoparticles 100 nm in diameter from Ted Pella. Images were analyzed using SPMLab software. Statistical height analysis was performed using at least 100 measurements. All statistics were performed in the 95% confidence interval.
Results and Discussion
Surface morphology of the silver film was dependent on its thickness and deposition rate in the preparation. 20 A slow deposition rate was expected to result in a rough surface, which led to a stronger metal-enhanced fluorescence (MEF). Therefore, all silver films were deposited at a slow rate of 0.1 nm/10 s in this study. The thicknesses of these silver films, which were monitored by a crystal microbalance, were in a range of 2-120 nm. When the silver films were 2-10 nm thick, they displayed plasmon absorbances at 490-650 nm, indicating that the films were composed of nanoscale particles. The plasmon wavelength was red-shifted with increasing the thickness of the silver film, corresponding to the size increase of particles in the film. The silver film could not be characterized accurately by the absorbance spectrum when the thickness was above 10 nm.
The surface morphology was detected by the atomic force microscope (AFM). The AFM images showed that a thin silver film (thickness ) 10 nm) was composed of compactly packed individual particles ( Figure 1a ). The three-dimensional (3D) image showed that the height of an adhered particle was 14 nm, close to the aVerage thickness of silver film. The particle size was found to increase with the thickness of silver film from 2 to 20 nm, which was consistent with the results obtained from the absorbance spectra. The surface became continuous and rough when the silver film was thicker than 20 nm (Figure 1b , thickness ) 50 nm), and its 3D image showed a close thickness measured by the microbalance.
We studied the dependence of MEF on the thickness of the silver film. To avoid a strong quenching of the fluorophore due to the close proximity of fluorophore to the metal surface as well as to protect the silver film, a 5 nm silica layer (written as SiO x because of its mixed composition of SiO 2 and SiO) was coated on the silver film by the vapor deposition in the same chamber. Rabbit IgG was adsorbed by physiosorption on the silica, 19 which could be verified by the AFM image. A glass substrate was expected to display an analogous feature to the silica and was used to immobilize the IgG. Some spots were observed on the smooth glass surface, and the heights of these spots were 5-10 nm (Figure 1c) . The IgG molecule was described as a cylinder shape with a 4 nm diameter and a 10 nm height, consistent with the shape of these spots, so the spots were attributed to the immobilized IgG molecules. Alexa Fluor-555 anti-rabbit IgG were bound to the immobilized IgG on the solid substrate. The bound Alexa Fluor-555 anti-rabbit IgG could be verified by the surface luminescence upon excitation at 514 nm. The concentration of bound fluorophore could be estimated quantitatively through the luminescence difference in the buffer solution before and after binding. Because there were an aVerage of 4.5 fluorophores on one antibody molecule, the antibody coverage on the silica was estimated to be ca. 1 × 10 -12 mol/ cm 2 . It was known that one IgG molecule could bind 1-2 antibody molecules, so the coverage of IgG molecules was inferred to be less than 2 × 10 -12 mol/cm 2 . This coverage was found to be almost independent of the thickness of the silver film or silica layer.
The wells on the slides were immersed with buffer solution, and the bound fluorophore displayed an emission wavelength at 568 nm upon excitation at 514 nm, close to that of the free fluorophore in buffer solution (563 nm). Relative to the intensity on the glass substrate, the fluorescence brightness from the labeled antibody on the silver film became darker when the thickness was 2 nm, then increased to be close to that on the glass substrate when the thickness increased to 5 nm ( Figure  2) . Fluorescence on the 10 nm silver film was enhanced about 2 times. The enhancement factor, which was defined as the ratio of intensity on the metal film over that on the glass substrate, was plotted against the thickness of silver film, showing that the enhancement factor was lower than one at 2 nm thickness, increased with the thickness, and then reached saturation at 20 nm thickness (Figure 3) . It was hence concluded that the MEF displayed a quenching on a thin silver film and enhancement on a thick silver film.
According to our recently proposed radiating plasmon (RP) model, 14 the emission or quenching of a fluorophore near the surface of metal nanoparticles can be predicted from their optical properties. The extinction properties of metal particles can be expressed by a combination of both absorption (C A ) and scattering (C S ) factors when the particles are spherical and have a comparable size to the incident wavelength 12 where k 1 ) 2πn 1 /λ 0 is the wave vector of the incident light in medium 1 and R is the polarizability of the sphere of radius r and m is the complex dielectric constant of metal. The first term represents the cross section due to absorption, and the second term represents the cross section due to scattering. We expected C A to cause quenching and C S to cause enhancement. 12 The quenching term increases as a r 3 factor, and the enhancement term increases as a r 6 factor. Examinations of C A and C S calculated from Mie theory show that the small metal particles are expected to quench fluorescence because the absorption dominates over the scattering, while the larger size nanostructures are expected to enhance fluorescence because the scattering component is dominant over the absorption. 7, 13 In this study, the thin film was composed of small particles, while the particle size became large with increasing the thickness. Therefore, it was plausible that the thin silver film displayed only a quenching and a thick silver film displayed an enhancement. The MEF also became stronger with increasing the thickness of silver film.
The distance from fluorophore to the surface of the silver film is also an important factor relevant to the MEF. 5 In this study, the 10 nm thick silver film was coated with a varying thickness of silica in a range of 0-50 nm. The enhancement factor was observed to increase with the thickness and reach 
the maximum at 10 nm (Figure 4) . The IgG molecule was described as a cylinder shape with a 4 nm diameter and a 10 nm height, so the thickness of the immunoassay was regarded to be ca. 4-10 nm. With a combination of the thickness of silica and the immunoassay, the distance of the maximum MEF was ca. 14-20 nm, close to that obtained experimentally on the silver islands made by a chemical reaction 5a or from the local electromagnetic field on silver particle. 10 The enhancement factor decreased with the thickness of the silica when it was more than 10 nm and was only about 2 at 50 nm, implying that this distance was too large for an efficient MEF. Hence, the optimal distance for the maximum MEF was ca. 10 nm in this fluoroimmunoassay model on the silver film by the vapor deposition method. It is known that the fluorophore near the metal surface is strongly quenched by the metallic surface but enhanced when beyond the quenching region. 6 This enhancement depends on the increase of the intrinsic decay rate of the fluorophore, which can be described by lifetime. The lifetime hence is an important factor to determine the MEF mechanism. In our experiments, the frequency-domain (FD) intensity decays were analyzed in terms of the multiexponential model 5 where R i are the amplitudes and τ i are the decay times, Σ R i ) 1.0. The fractional contribution of each component to the steadystate intensity is given by
The mean lifetime of the excited state is given by and the amplitude-weighted lifetime is given by
The values of R I and τ I were determined by a nonlinear leastsquares impulse reconvolution with a goodness-of-fit 2 R criterion. After being fit to the multiexponential model, the lifetimes were obtained and listed in Table 1 . It was shown that the lifetime of fluorophore on the silver film was shorter than 
that on the glass substrate because of its higher intrinsic decay rate. The lifetime was dependent on the thickness of silver film, and the shortest lifetime was at a 20 nm thickness of the silver film, which was consistent with the distance of saturation MEF. Meanwhile, the lifetime was also dependent on the thickness of silica coated on the silver film, and the shortest lifetime was at a 10 nm thickness of silica, exactly corresponding to the maximum MEF. When the silica was 50 nm thick, the lifetime was close to that on the glass substrate, implying that the interaction between the fluorophore and silver film was weak at this distance. This result was also verified by the fluorescence intensity change. For all samples, the shortest lifetime was on a bare silver surface without silica, which was due to the quenching. This enhancement depends on two major factors, an enhanced local electromagnetic field and an increase of the intrinsic decay rate of the fluorophore. 6 The first factor provides stronger excitation rates, and the second one changes quantum yield and lifetime. The observed fluorescence enhancement factor (G) hence can be written as the product of two factors, excitation (G ex ) and quantum yield (G QY ) 6 where G QY ) Q m /Q 0 is the increase in quantum yield. The energy diagrams were shown for the fluorophore on the glass or on the silver film (Scheme 2). 4 On the glass substrate, the quantum yield (Q 0 ) and lifetime (τ 0 ) are given by where Γ is a radiative rate and k nr is a nonradiative decay rate. In this experiment, the Q 0 and τ 0 can be regarded as those of the fluorophore on the glass substrate. For the fluorophore on the metal surface, the quantum yield (Q m ) and lifetime (τ m ) are given by eqs 10 and 11
where Γ m and k m are radiative and nonradiative rates induced by metal. Because the concentration of dye on the silver/silica film was not dependent on the silver thickness, the ratio of the quantum yield Q m /Q 0 was regarded to be approximately equal to the ratio of fluorescence intensity I m /I 0 (I m /I 0 ) enhancement factor). By combination of eqs 8-11, the dependence of Γ m /Γ on I m /I 0 could be written as eq 12.
According to eq 12, Γ m /Γ were calculated using I m /I 0 and 〈τ m 〉/ 〈τ 0 〉 or τ j m /τ j 0 (some data were listed in Table 1 ). Although the calculated values from 〈τ m 〉/〈τ 0 〉 or τ j m /τ j 0 were different, the change tendency with the thickness of silver film was similar ( Figure 5 ). Most Γ m /Γ values were larger than 1, indicating that the radiative rate of fluorophore on the metal film was faster than that on the glass substrate. The value increased with the thickness of silver film and then decreased, showing the maximum at 20 nm silver film thickness. Considering that Γ was a constant independent of the silver thickness, the Γ m value should have its maximum at 20 nm, which was consistent with the saturation enhancement factor. Hence, Γ m was regarded as the most important factor to contribute the MEF.
The dependence of MEF on the emission wavelength was studied by binding different dye-labeled anti-rabbit IgGs, including Rhodamine 6G, Alexa Fluor-647, Alexa Fluor-680, and Alexa Fluor-750, to the immobilized rabbit IgG on the silver film. The silver film (10 nm thick, deposited at 0.1 nm/10 s) was coated with a 5 nm thickness of silica. According to the luminescence intensity change of the fluorophore in the buffer solution before and after binding as well as the direct surface luminescence (Figure 6 ), it was inferred that all kinds of dyelabeled anti-rabbit IgGs did bind to the Rabbit IgG on the silica. The surface luminescence spectra were excited at 510, 565, 590, and 660 nm, and the excitation wavelengths were collected at 557, 635, 678, and 736 nm, respectively. The enhancement factor was found to rely on the emission wavelength ( Figure  7 ). The luminescence intensity was enhanced ca. 3 times in the visible region of 550-650 nm, and then the enhancement factor increased to 5.3 with the wavelength, red-shifting to the near-IR region. The mechanism of the wavelength dependence of MEF is uncertain, but the low intensity of plasmon absorbance from the silver film in the near-IR region, which should weaken absorptions of the excitation and emission wavelengths of the fluorophore, was a probable reason. 30 This result implied that the fluorophore in the near-IR region could provide a more sensitive analysis in the fluoroimmunoassay when using the MEF technique. SCHEME 2: Jablonski Diagram for Free Fluorophores (Top) and on Silver Film (Bottom) Figure 5 . Correlation between the ratio of the radiative rate of a fluorophore on the metal film/glass substrate (Γm/Γ) and the thickness of the silver film.
Summary
Silver film was grown on a glass substrate by vapor deposition at a slow rate (0.1 nm/10 s) and then covered by silica. The thin silver film (<20 nm) was composed of nanoparticles, while the thick silver film (>20 nm) became continuous and its surface was rough. The thin silver film displayed a plasmon absorbance at 490-650 nm depending on the thickness, implying that the particle size became large with increasing the thickness of silver film. This point was verified by AFM images. A model fluoroimmunoassay was performed on the silver film. Rabbit immunoglobulin G (IgG) was adsorbed on the silica by physiosorption, and dye-labeled anti-rabbit IgG was bound to the immobilized IgG. When the Alexa Fluor-555 anti-rabbit IgG was employed, the surface fluorescence on the silver film was enhanced relative to that on the glass substrate, except a very thin film (ca. 2 nm), and the enhancement factor increased with the thickness of silver film. The MEF reached saturation at a 20 nm thickness of silver film. The shortest lifetime at 20 nm silver film suggested that the MEF occurred by a mechanism of increasing radiative rate for the fluorophore induced on the metal. The silver film (10 nm) was coated by varying thicknesses of silica to study the dependence of MEF on the distance between the fluorophore and silver surface. The maximum enhancement occurred at a 10 nm thickness of silica and became very weak at 50 nm. The lifetime was shortest at a 10 nm thickness of silica, became longer with increasing the thickness of silica, and was close to that on the glass substrate at 50 nm. Therefore, the conditions for the strongest MEF in this model fluoroimmunoassay were proposed to occur with a 20 nm thickness of silver and a 10 nm thickness of silica. The dependence of MEF on the emission wavelength was studied through binding different dye-labeled anti-rabbit IgGs to the immobilized IgG, showing that the fluorescence in the near-IR region could be enhanced more efficiently than that in the visible region for the fluoroimmunoassay analysis. 
